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RESEARCH MEMORANDUM

AFRODYNAMTIC CHARACTERTSTICS OF SEVERAL
NACA ATRFOTIL SECTTONS AT SEVEN REYNOLDS
NUMBERS FROM 0.7 X 108 m¢ 9.0 x 10%

By Laurence XK. Loftin, Jr., and M. Irene Poteat
SUMMARY

An investigation has been made of the two-dimensional aerodynsmic
characteristics of ssverasl NACA alrfoll sections at four Reynolds numbers

from 2.0 X 106 to 0.7 X 106. The group of airfoils tested conslsted of
four NACA 6Li-serles sections varying in thickness from 9 percent to
18 percent and having design 1ift coefficlents of 0.k, and two NACA
230-geries sectlons of l2-percent snd 15-percent thickness. Aerodynemic

data for the range of Reynolds numbers from 2.0 X 106 to 0.7 X 106
wore obtalned for each of these alrfoils, both with and without split
flaps, in the smooth condition and with roughened leading edges. The
results of this investigation, together with previously published

data for the seme airfolls at Reynolds numbers of 9.0, 6.0, and 3.0 X 106
are Included in the present paper.

The minimum drag of each of the smooth alrfolls increased progres-

slvely as the Reynolds number was lowered from 9.0 X 106 to 0.7 X 106.
The magnitude of this increase appeared to become larger as the thickness
ratio of the NACA 6h-serles alrfoills was increased. Decreasing the

Reynolds number from 9.0 X 106 to 0.7 X 106 caused a reductlon In the
maximum 1ift of all the alrfoils both in the smooth condition and with
rough leading edges. The magnitude and charscter of this reduction,
however, varied with alrfoll design and surface condition so that the
comparative merite of the varlous alrfolls changed markedly with
Reynolds number and surface condition. Although the results are not
entirely conslstent, some decreases In the lift-curve slope of both the
smooth and rough alrfoils ususlly eccompenied a reduction in Reynolds
number. Both the angle of zero 1ift and the pltching moment sppeared
t0 be nearly independent of the Reynolds number.
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INTRODUCTION

Two~-dimensional aerodynamic data corresponding to Reynolds numbers
of 3.0, 5.0, and 9.0 X 10  are now generally available (reference 1) for

a rather large number of systematically derived NACA 6-series and

h- and 5-digit-series airfoll sections. Although the range of Reynolds
number covered by the Investigation reported in reference 1 1s
reasonably wide, engineering problems such as may be encountered in the

design of personal-type aircraft and hellcopter blades mey requlre data
for a range of Reynolds numbers extending below 3.0 X 106.

With & view toward providing a basls upon which to choose airfolls
for such applications, an experimental Investigation has been made of
the aerodynamic characteristics of & number of NACA alrfolils at Reynolds

numbers varyling from 2.C X 106 to 0.7 X 106. The results of this
investigation are presented in the present paper, together with the
higher Reynoldes number data of reference 1 for the same alirfolls.

The airfolls for which data are presented include four NACA 6h-series
sections, cambered for design lift coefficilents of O.4, and two
NACA 5-diglt-series sectlions, the NACA 23012 and NACA 23015. The 1lift,
dreg, and pitching-moment characteristics are presented for each of the

smooth, plain sirfoils at seven Reynolds numbers from 0.7 X 106 to 2.0 X 106.
A suffliclent amount of data 1s also presented to show the scale effect

upon the characteristica of the alrfolls with roughened leading edges and
simulated split flaps.

SYMBOLS
cq sectlon drag coeflficlent
cy gsection 1ift coefficient
Czi gsection deslgn 11ft coefficient
cq maximum sectlon 1ift coefficient
max
S /h section plitching-moment coefficlent about guarter-cherd point
c
Cmae section pitching-moment coefficlent about aerodynamic center
X section angle of attack
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dcz/ﬁmo gsection lift-curve slope

R Reynolds number, based on alrfoll chord and free-stream veloclity
ATRFOILS

The sirfoill sections for which experimentsl results were obtalned
are:

NACA 64-Lk09
NACA 6l -k12
NACA 6k,-U15
NACA 6L,-118
NACA 23012
NACA 23015

These airfolls were chosen for investigation because, on the basls of
the datas of reference 1, they appeared to offer the best possibllities
for applications where the requirements call for low drag, high 1ift,
and moderate pitching moments, and where compressibllity effects are
negligible. Complete descriptions of these airfoll sections, including
the methods of derivation and theoretical pressure-distribution data,
are available in reference 1. The ordinates of the six alrfoils tested

are pregented in table I.
APPARATUS AND TESTS

Models.- The 2k-inch chord models of the six alrfoll sections
tested were constructed of laminated mshogeny. The surfaces of the
models were painted with lacquer and then sanded with number LOO
carborundum paper until aerodynamically smooth.

Wind tunnel and test methods.- The experlimentsl investigation was
mede in the Langley two-dimensional low-turbulence tuwmnel (ITT). The
test section of this tunnel measures 3 feet by 7.5 feet with the models,
when mounted, completely spanning the 3-foot dimension. The Reynolds
number ig varled by mesans of the tunnel alrspeed since this tunnel
operates at atmospheric pressure only. TLTift measurements are usually
made in this twmel by teking the differemce of the integrated pressure
reaction upon the floor end celling of the tumnel (reference 2}.
Because of the small dynamic pressures employed in the present
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investigation, however, more accurate measurements of the 1lift were
obtalnable with the three-component balance which is part of the equip-
ment of the low-turbulence tunnel. The balance was therefore used for
the 1lift and pitching-moment tests in the present Investigation.

For tests using the balance, the models were supported in the
tunnel on trumnions extending through the twmel walls from the balence
freme. A small gap was allowed between the ends of the model and the
tumel walls to insure freedom of movement of the balance. Since air
leakage through these gaps was consldered as a possible source of error,

117t tests were made at Reynolds numbers of 2.0 x 105 and 1.5 x 10° with
the gapa first open and then sealed. The measurements for the gaps-
gealed conditlion were made with the tunnel floor and celling pressure
orifices, end for the gaps-open tests, the balance was used. Resultis
obtained by the two methods agreed to wlthin the experimental error

for these Reynolds numbers and would be expected to agree equally well
at the lower Reynolds numbers.

Comparative tests showed that more accurate measurements of the
drag were possible with the wake-survey apparatus than with the
balance. Hence, all drag measurements were made by the wake-survey
method (reference 2) with the gaps between the model and tunnel walls
gealed.

Tests.~ The tests of each smooth airfoll consisted of measurements
of the 1ift, drag, and quarter-chord pitching moment at Reynolds

numbers of 2.0 X 108, 1.5 x 106, 1.0 x 105, and 0.7 x 10°. In none of
the tests did the Mach number exceed 0.15. Lift and moment measurements
at each of the four Reynolds numbere were aleo made of the airfolls .
equipped with 0.20c simulated split flaps (reference 1) deflected 50°.
In adidition, all of the measurements excepli those of the pitching
moment were repeated with staniard roughness applied to the leading
edges of the alrfolls. The staniard roughness employed was the same
a8 that used in previous investigations (reference 1) and consisted

of 0.0ll-inch-dlameter carborundum gralins spread over a surface length
of B percent of the chord back from the leading edge on the upper and
lower surfaces of the airfolil. The grains were thinly spread to cover
from 5 to 10 percent of this ares.

Supplementary tests were made Iin the Langley two-dimensional low-

turbulence pressure tunnel (TDT) at a Reynolds number of 6.0 x 106 of
the NACA 23012 and NACA 23015 equlpped with gplit flaps. Such dats are
avallaeble 1n reference 1 for the other airfolls tested In the present
Investigation, and were considered necessary for the NACA 23012 ani
NACA 23015 in order to compare adequately the type of scale effect shown
by these airfoils with thet of the other four.
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RESULTS

The results are presented (figs. 1 to 6) in the form of standard
serodynamic coefficients representing the 1ift, drag, and quarter-chord
pitching moment. The Reynolds number range for which the plain airfoll

data are presented extends from 9.0 X 106 to 0.7 X lO6 and Includes the
dats obtained in the present investigation for four Reynolds numbers
from 2.0 X 106 to 0.7 x 106, and those from reference 1 for three Reynolds

numbers from 9.0 X 106 to 3.0 X 106,, Dats are presented for the airfoils
with split flaps and with roughened leading edges at flve Reynolds numbers
from 6.0 X 106 to 0.T X 106. From the quarter-chord pitching-moment data,
the position of the aerodynamic center and the variation of the moment
about this point were calculated and are presented.

The influence of the twmnel boundarlies has been removed from all
the aerodynemic data by means of the following equations (developed in
reference 2):

cg =0 .9900d'

cz =0 .97331'

= 0.951 !
°me gy, = O T m g,

@y = 1.015a,"

where the prfmed quantities represent the coefficlentis measured in the
tunnel . .

.

DISCUSSION

Insofar as the scope of the experimental dats permits, an anslysis
has been made of the effect of several airfoll parsmeters upon the way
in which the Important serodynamic characteristics of the airfoils vary
with Reynolds number. As an aid to this analysis, cross plots are
used showing some of the aerodynamic characteristics of the alrfoils
as a function of Reynolds number.

Drag.- The general form of the drag polars corresponding to the
various Reynolds numbers may be seen in filgures 1 to 6. The principal
effects on the drag of decreasing the Reynolds number from 9.0 x 105
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to 0.7 x 10° appear to be & variation in width of the flat portion of
the drag polers, an lincrease in value of the minimum drag coefficilent,
and a steepening of the drag curves beyond the flat portion of the
polars.

The extent of the lift-coefficlent range over which the NACA
6h-sertes sections have low drag, corresponding to extensive laminar
flow on the airfoll surfaces, generally iIncreases as the Reynolds
number is lowered. The greatest Increase is evident 1n the results for
the 18-percent-thick section, but the amount of date available is not
sufficient to show whether or not the aemount of Iincrease varies in a con~
sistent manner with alirfoil-thickness ratio. Following reductions in

the Reynolds niwmber below 2.0 X 106, some Iincrease of drag with 1lift
coefficlent within the low-drag range is shown by the results for all
the airfolils and 1s particularly pronocunced in the drag polars for the
NACA 6h2-hl5 section (fig. 3). TUnpublished data obtained at the Langley

Laboratory have shown this behavior to be related to the formation at
the lower Reynolds numbers of e laminar separation bubble behind the
pogition of minimm pressure on the upper surface of the airfoll. The
Increase of draeg with 1i1ft In the low-drag range is explained by an
increase 1n size of the bubble which 1s caused by the progressively
more unfaveorsble pressure gradiente over the airfoll. The effect is
magnified ag the Reynolds number decreases.

Although the rather high valve of the minimumm dreg shown by the
NACA 23012 and WACA 23015 airfoll sectioms (figs. 5 and 6) precludes
the possibility of very extensive laminar boundary layers on the afrfoll
surfaces, the jog near zero 1lift which appeers In all of the drag polars
for these sections suggests the formation of laminar boundary layers.
Theoretical calculations of the pressure distribution around the
NACA 23012 and NACA 23015 airfoil sections Indicate that ilhe pressure
gradients over the lower surfeces become fevorable to laminar flow at
1ift coefficlents gbove a small positive velue. The Jog In the drag
polar near zero lift corresponds, therefore, to the formstion of laminar
layers on the lower surface. At the higher 1ift coefficlents, the mammer
in which the drag Increases above the flat portion of the polar depends

markedly on the Reynolds number. Between Reynolds numbers of 9.C X 106
and 3.0 X 10b the drsg rises gradually. At the lower Reynolds numbers,
the dreg rise 1s preceded by a Jog which lncreases in Intensity and
occurs et progressively lower 1ift coefficlents as the Reynolds number
ig reduced. Although boundary-leyer swveys were not made, the behavior
of thie Jog as the Reynolds number is lowered suggests the formation of
a laminar separatlion bubble near the leading edge of the upper surfece.

The dreg polars for lhe alrfoils wilth roughened lesding edges do
not have a range of 1lift coefficients over which the dreg is essentially
constant, but rather, are of parebolic form. The lower porifon of the
parabolas, over which the drag variation with 1ift coefficlient is least,
appears to become narrower for all the airfoils as the Reynolds number
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is reduced, except at the lowest Reynolds number (0.7 X 106). The

behavior of the drag polars at a Reynolds number of 0.7 X 106 probably
results from the fact that the leading-edge roughness employed was not
sufficiently large to cause fully developed turbulent boundary layers at
this low wvalue of the Reynolds number. In the rough condition, alrfoll-
thiclness ratio does not appear to have a very pronounced effect upon

the lift-coefficient range corresponding to the lower portion of the drag
polar, nor 1s there very much difference in this range for the NACA 23012
snd NACA 23015 airfolls as campared to the NACA 6h-series sections.

The Reynolds number has a very importani effect upon the minimum
drag (figs. 1 bto 6) of the airfolls, both in the smooth condition end
wlth rough leading edges. In order io show more clearly the megnitude
of this trend, the drag coefficient corresponding to the design lift
coefficlient has been plotted in figure 7 as a function of Reynolds num-
ber for each of the slx airfoils tested. The minimum-drag coefficient
is seen to increase with decreasing Reynolds number for all the airfoils,
both smooth and rough, but the magnitude of the effect seems to be
greatest, when the leading edges of the airfolls are in the rcugh condition.
The previously mentioned effect of roughness size is probably responsible
for the drag reduction shown by the results for the rough =zirfoils at a

Reynolds number of 0.7 X 106. The aemount by which the minimum drag
increases as the Reynolds number 1s lowered appears to become larger as
the thickness ratio of the smooth NACA 6h-series sections incresses. The
" results for the two NACA 230-series airfolls do not appear to follow this
trend. On the basis of these limited date then, the advantage of using
an NACA 6h-series airfoll becomes less as the Reynolds number is lowered
and the airfoll-thickness ratioc is incressed. In the rough condition,
there is little difference in the minimum drag of the KACA 6L-series

and NACA 230-series airfoils.

Lift.~ The 1ift parsmeters which are usually considered to be the
most important are the lift-curve slope, the angle of zeroc 1ift, and the
meximum 1ift coefficient. From the 1ift date presented In figures 1 to 6,
the values of these peremeters have been determined at each Reynolds
number for the six airfolls tested, and are plotted as a function of
Reynoldes number in figures 8 to 10.

According to reference 1, the lift-curve slope is defined as the
slope of the 1ift curve as it passes through the design 1ift coefficilent.
Beczuse the low dyneamic pressures necessary in the present investigation
reduced the accuracy of the measuring apparatus, some scatter is present
In the lift data. PFor this reasson and because some of the 1ift curves
had slight Jogs near the design 1:ft coefficlent at the lower Reynolds
numbers, comparable measurements of the lift-curvé slope for different
Reynolds numbers did not appear possible by the method of reference 1.
The lift-curve slopes of the airfolls tested in this investigation were
therefore considered to be deflned by the best straight line througn
the data between zero-lift and the design 1ift coefficienl. The slopes

corresponding to all the Reynolds numbsrs from 9.0 X 10 to 0.7 X 10
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were measured according to this procedure and are presented In figure 8
ags a Punction of Reynolds number. Some decreeses in lift-curve slope are
seen to accompany a decrease in Reynolds number for all the smooth air-
folls except the WACA 6h3-h18. The lift-curve slope of this partlcular

gection seems to be nearly independent of Reynolds number. The magnitude
of the scale effect on the lift-curve slope increases somewhat, particu-
larly for the NACA 23012 and NACA 23015, when the airfoil leading edges
are rough.

Although the angles of zero 1ift shown in fligure 9 for the slx alr-
foils do increase somewhat in a negative direction as the Reynolds number
is lowered, the magnitude of the effect does noi appear to be significant.

The 1ift parameter which 1g most affected by varlations in the
Reynolds number is the maximm 1lift coefficlent. In all cases, decreasing

the Reynolds number from 9.0 X 106 to 0.7 X 10~ causes a reduction In the
maximum 1ift of the alrfoils (fig. 10) both in the smooth condition and
with rough leading edges. The manner in which the maximum 1ift of the
airfolls, both smooth and rough, varies with Reynolds number and the magni-
tude of this variatlion depend upon the airfoil design and upon the use of
a gplit flap. A sufficlient amount of data 1s not avallable to permit the
formulation of detailed conclusions regarding the effect of these para-
meters upon the manner in which the meximum 11ft varies with Reynolds
number. One important general conclusion, however, is evident from &
study of the data presented in figure 10. A consideration of these dats
Indicates that the comparative merites of a group of airfolls based on
data for a particular Reynolds number and surface condition may change
radically as the surface condlition =nd Reynolds number are wvarled.

Conslder, for example, the manner in which the comparative values
of the maximum 1ift of the NACA 64-409 and NACA 64,-412 change as the

Reynolds number 1s lowered from 9.0 X 106 to 0.7 X 106. Notice also
thaet the rather large advantage of the NACA 23012 as compared to the
WACA 6h1-h12 decreases and finally vanishes as the Reynolds number Is

progressively reduced from 9.0 X 106 to 0.7 X 106. The effect of surface
roughnesd upon the comparison of the airfoils is gquite pronounced. For
exemple, in the rough condition, the maximm 1ift of the NACA 23012
becomes progressively less than that of the WACA Ghl-hle as the Reynolds

number is reduced and is actually less than that of the NACA 6L4-L09

below 2.0 X 106. Also of interest is the fact that the decrement in maxi-
mum 11t due to roughness decreases and finally diseppears as the
Reynolds number of the thinner NACA 6-series sections is lowered to

0.7 X 106, while a rather large decrease in the maximum 1ift of the

NACA 230-series sections is caused by roughness, even at this low value
of the Reynolds number., With split flaps deflected 60°, the data of
figure 10 show that the amount ani type of maximum~lift variation with
Reynolds number are not necessarily the same as indicated by the results
for the plaln airfolls; snd again, the comparative values of the maximm
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1ift for the varlous sirfoils with split flaps are seen to change with
the Reynolds number and surface conditlon.

Pitchinz moment and serodynamic center.- The value of the quarter-
chord pltching-moment coefficient corresponding to the design angle of
attack shows practically no verlation with Reynolds number (figs. 1 to 6).
Accompanying changes in the Reynolds number, some change in the varlation
of the moment coefficient with angle of attack is notlceable. Comse-
quently, the chordwise positlon of the asrodynamic center varies somewhat
with Reynolds number. These varlations, however, do not appear to form
any consistent trend as the alrfoll thickness and Reynolds number are
varled.

CONCLUSIONS

From an investigation of the two-dimensional aerodynemlic character-
istics of four NACA 6lh-sericzs and two NACA 230-serles alrfoil sections

a2t Reynolds numbers from 9.0 X 106 to 0.7 X 106, the following con-
clusions may be drawn:

l. The minimm drag of each of the smooth alrfolls Increased progres-

sively as the Reynolds number was lowered from 9.0 X 106 to 0.7 X 105.
The magnitude of this Increase appeared to become larger a2s the thickness
ratio of the NACA 6h-series sections was increased.

2 . Decreasing the Reynolds number from 9.0 X 106 to 0.7 X 106
caused a reduction in the maximumm 1ift of =211 the airfoils both in the
smooth and rough condition. The magnitude eni character of this
reduction, however, varled with alrfoil design and surface condition so
that the comparative merits of the various airfolils changed markedly with
Reynolds number and surface condition.

3. Although the results are not entirely consistent, some decreases
in the lift-curve slope of both the smcoth and rough airfoils usually
accompanied a reduction in Reynolds number.

4. Both the engle of zero 1ift and the quarter-chord pitching
moment appeared to be nearly independent of variations in the Reynolds

number between 9.0 X 106 and 0.7 X 106 .

Langley Memorlal Aeronautical Laboreatory
National Advisory Committee for Aeronautics
Langley Field, Va.
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ORDINATES OF NAQA AIRFOIL SEQOTYONS TESTED

HACA 6l-L09

Btations and ordinates given in
percent of airfoil chord)

Upper surface Lower surface

Station |Ordinate | Station [Ordinate

0 o 0
e S A 2 e <1
9221 1.8 %Z%ﬁ 3352
el BB B
Ji:éo E:gzz 15182 :1:857
150 N 232%%;3 e
.8 %-957 25. 2.
29.882 6.3:;.3 50'%813 ﬁh].g
ZZ:S&% e | 1o |
L) ool | bk 2
3.021; 6.016 gh.976 -1.256
g .316;5 5.33& 2&.9&5 =1.310
706 | Bk | 3| I
G| rE | )
85:03 2: R'% %
58.03 1.@% 85357 .u%
95.02) .8 339 Iy
169000 | o 150,000 | o

HACA €y-n2
[Stations and ordinates given in
percent of airfoll chord]
Upper surface Lower surface
Station [Ordinate | Station |Ordinate
0 [+] Q Q
.338 1.064 662 -.864
. 1.305 93L -1.222
;:% A E:
.73 E:Ego 5.262 .21%2
T.229 .231 7.771 -2.33
<730 L.836 10.270 [ -2.
J.E.%S gggs 15.223 -5.26'2
19. J780 20.2 -5,
zEZK? Te 25.19 =3
5| L\ 28 20
925 | 813k | £iam | Rigst
TN
5.032 %: 2,068 | 2.8
B e | Fm |G
70.090 l?- £ 63.9%2 ~1.005
G| G | i | T8
85.07 2:322 B | :d28
90.055 1.818 gﬁ.ghs .gzo
95.027 S19 973 345
100,000 o 100.000 [+

L.E. radluss 0.579

5T
8lope of radius through L.E.: 0.268

HAOA 6p-iis

[Btations and ordinates given in
porcent of airfoll chord]

L.E. radius: 1.040
Slope of radius through L.E.: 0.168

HACA 643118

[Btations and ordinatea given in
percent of airfoil chord]

Upper asurface Iowar surface

Station |Ordinate | Statlon | Ordinate

o] [+] o Q

.29 1.291 7 -1.091
g?y% %:g? 1:% 1298
2. 2. 2 2. -2,139
L...SZa .12 5. -2.857

T 6% .SZE ']?-aaﬁ :5.
AR AR
2 Sl | wa) T
33185 3:241 Eg:.ﬁz -5,

-9 9.5l i ~5.330
Eg.ssu sl | uoidic | 3163
2.0 | &% 20:900 | Hse
232072 .22722 z:szs -5.%
63.096 g .aal, -a.éﬂ
o : fh:88 33

.109 E.oéz gﬁ.&g -'528
85. 2 3,020 .9(3 -
90.§26 13'?2 329% %
1208 | o %6000 | o

Upper surface Lower surface
8tation |Ordinate | Station | Ordinate
263 | 208 | ° 1.308
g ] T8 | o 2%
.250 2.370 1.3&8 =-1l.9h2
2.152 E. T 2. w2 12
k.6 800 391 | - .2;2

P 58 |

T.09
i wa | 38
zz: 3 1%1176 25.293 s
2 30,730 | 30.257 .
n 8o
: 603

EBEZEER
BEE
&35
A

O ZEIRRTY
SRE
e
EIRERI
gk

o, 1 1 Ehbidh ARSI
Ano.
ER

. . L2 %
w2 g.gzg i
1001% o ®° 10020(610 23k

L.E. radius: 1.590
S1ope of radius through L.E.: 0.168

L.E. radius: 2,208
Slope of radius tkrough L.E.: 0.168
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TABLE I

ORDINATES OF NACA AIRPOIL SECTIONS TESTED -

Conoluded

NACA 23012

[S8tations end ordinates given in
percent of airfoll chord

Upper surface Lower surfase
Station | Ordinate | 8tation| Ordinate
0 ———— 0 0
1.25 2,67 1.25 -1,23
a.g 3.61 2.5 ~1.71
. 9L 5.0 -2.26
5 2 0 7.5 -2.61
10 443 10 -2.92
23 133 | 2 3
25 7:20 25 .32’3’
Eo Te 0 .46
(o} Z.Ez (] =i 48
0 Bl 0 .17
0 Ehz 0 -%.67
0 .3 0 -g.oo
0 3.08 Q ~2.16
90 1.68 90 =-1.23
92 95 -, TC
100 (.13) |100 (-.13)
100 ——— 100
L.E. radiuss 1.58
Slope of radius through L.E.: 0.305

NAGA 23015

[Btations and ordinates given in
percent of airfoil chord]

Upper surface Tower surfece
Station | Ordinate | Station [ Ordinate

0 ———— 0 o}

1.25 E 1.25 1,50

2.5 . 2.5 2.2

;.g 2 9 s.g -3.61
10" 3211 25 -ﬁ&
15 .52 15 .

20 8.92 20 =5.41
25 9.08 25 -5.78
0 g.os Q -5.96
AN A
s | fd | & zE
0 52'&3 0 ~3.83
90 :]a..la gg "1'3%
205 (.16) | 200 (-.16)

100 — 100 o]
IL.E. radius: 2.48
Slope of radius through L.B.: 0.305

NACA RM No. 1L8BO2
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